Multifunctional integration is an inherent characteristic for biological materials with multiscale structures. Learning from nature is an effective approach for scientists and engineers to construct multifunctional materials. In nature, mollusks (abalone), mussels, and the lotus have evolved different and optimized solutions to survive. Here, bio-inspired multifunctional graphene composite paper was fabricated in situ through the fusion of the different biological solutions from nacre (brick-and-mortar structure), mussel adhesive protein (adhesive property and reducing character), and the lotus leaf (self-cleaning effect). Owing to the special properties (self-polymerization, reduction, and adhesion), dopamine could be simultaneously used as a reducing agent for graphene oxide and as an adhesive, similar to the mortar in nacre, to crosslink the adjacent graphene. The resultant nacre-like graphene paper exhibited stable superhydrophobicity, self-cleaning, anticorrosion, and remarkable mechanical properties underwater. Multifunctional integration is an inherent characteristic for biological materials with multiscale structures.
Introduction
Since life is estimated to have appeared on the Earth, nature has gone through billions of years of evolution and has learned what is optimal by using ordinary compositions. In the last few decades, a great variety of biological materials have been investigated by scientists and engineers. It was found that multiscale structures from the molecular to the nanoscale, microscale, and macroscale are characteristic for biological materials, exhibiting inherent multifunctional integration.
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Creating multifunctional materials is an eternal goal for human beings. Optimized biological solutions provide a source of inspiration for scientists to design rationally and to construct reproducibly multiscale structures for multifunctional integration.
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In nature, nacre, glass sponges, teeth, bones, and other biomaterials have evolved different solutions to overcome the brittleness of their building materials. [9] [10] [11] Among the variety of biological materials, nacre is one of most promising owing to its superior mechanical strength and toughness (Fig. 1a) . The distinctive mechanical properties can be attributed to a highly regular brick-and-mortar arrangement of inorganic and organic elements, consisting of predominately brittle calcium carbonate and a few percent of biomacromolecules ( Fig. 1b  and c ). For nacre, the brick-and-mortar structure results in a 1000-fold increase in toughness over its constituent materials. The structure-function harmony of nacre has attracted signi-cant attention from scientists to construct bio-inspired materials and to reproduce nature's achievements.
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In the sea, mussels, the notorious underwater fouling organisms, can attach to a variety of natural or synthetic substrates in high binding strength under wet conditions (Fig. 1d) . The presence of 3,4-dihydroxy-phenylalanine (DOPA), a catecholic amino acid in secreted mussel adhesive proteins, is responsible for the strong underwater adhesion (Fig. 1e ).
13-15
DOPA demonstrates high affinity for chemically distinct substrates via covalent or noncovalent interactions. Dopamine contains both side chain functionalities of DOPA and lysine, which resembles mussel adhesive proteins (Fig. 1f) . [16] [17] [18] At a weak alkaline pH, dopamine will undergo self-polymerization to form an adherent polydopamine coating on a large variety of substrates, demonstrating strong interfacial adhesion strength. 16 In addition to its fascinating adhesive properties, dopamine also possesses a remarkable reducing character, which can be used as an eco-friendly and effective reducing agent to fabricate polymer nanocomposites.
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In Asia, the sacred lotus (Nelumbo nucifera) has been a symbol of purity for over 2000 years. Water droplets can roll freely in all directions and then pick up dirt particles on lotus leaves, resulting in the so-called self-cleaning effect or lotus effect (Fig. 1g) . Lotus leaf surfaces possess randomly distributed micropapillae covered by branch-like nanostructures ( Fig. 1h  and i) . The cooperation of surface multiscale structures and hydrophobic epicuticular wax confers a high water contact angle and a small sliding angle. During the past few decades, many different synthesis strategies have been developed to design and fabricate superhydrophobic self-cleaning surfaces. [20] [21] [22] Nowadays, a great variety of self-cleaning surfaces have been commercialized. 23 Recently, the design and fabrication of 2D or 3D multifunctional materials has attracted wide scientic attention, which has become an increasingly hot research topic. [24] [25] [26] For example, 3D multifunctional graphene-based hydrogels and aerogels have been fabricated on a large scale through a metal ion induced self-assembly approach. 27 Graphene was considered as a rapidly rising star material and attracted a great deal of attention owing to its excellent mechanical, electrical, thermal, and optical properties. [28] [29] [30] [31] A key topic in the research and applications of graphene is the reduction of graphene oxide (GO). Nowadays, many different synthesis strategies have been developed to produce graphene through the reduction of GO. [32] [33] [34] [35] Among the wide variety of synthesis strategies, chemical reduction of GO using dopamine reagent is one of the most promising. [36] [37] [38] [39] [40] [41] In such a process, dopamine acts simultaneously as a reducing agent in situ for GO and as a capping agent to stabilize and decorate the resultant graphene surface for further functionalization, owing to its fascinating properties (reduction, self-polymerization, and adhesion). Furthermore, dopamine can absorb on the graphene surface due to its excellent affinity. 42 During the past few decades, graphene has been well-investigated and much work has been devoted to the synthesis, structures, properties, and possible applications of graphene. [43] [44] [45] Less work has been directed to the surface wetting behavior of graphene, although the wetting behavior of solid surfaces is a very important aspect of materials and can strongly affect their properties. 46 Recently, the wettability of graphene lms could be tuned from superhydrophobic to superhydrophilic by simply controlling the relative proportion of acetone and water in the solvent, which is important to expand the applications of graphene.
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In the present work, we demonstrate an environmentally friendly approach for the in situ fabrication of bio-inspired graphene composite (GC) paper with multifunctional integration through the fusion of seemingly distinct concepts of nacre (brick-and-mortar structure), mussel adhesive protein (adhesive property and reducing character), and the lotus leaf (selfcleaning effect). The amazing properties (self-polymerization, reduction, and adhesion) of dopamine make it possible to use it simultaneously as a reducing agent for GO and as an adhesive similar to the mortar in nacre to crosslink lamellar graphene in situ. Although nacre-like graphene composites have been fabricated using different approaches, [48] [49] [50] in our case, the resultant paper-like GC demonstrates stable superhydrophobicity, self-cleaning, and remarkable mechanical properties underwater, exhibiting multifunctional integration.
Experimental
Fabrication of multifunctional graphene composite paper
In a typical procedure, graphite oxide was synthesized using graphite (200 mesh, Alfa Aesar) by a modied Hummers method. 51 Individual graphene oxide (GO) sheets were exfoliated by dissolving graphite oxide (36 mg) in deionized water (80 mL) with the help of ultrasound. Then, trizma base (121 mg, Aldrich) was put into the suspension and the pH was adjusted to 8.5 using hydrochloric acid. Aer addition of dopamine hydrochloride (18 mg, Alfa Aesar), the colloidal suspension was adjusted to 100 mL. The mixed suspension was further stirred at room temperature for 4 h, resulting in the formation of graphene-polydopamine composites. Graphene composite (GC) paper was fabricated by vacuum ltration of dialyzed graphene dispersions through a cellulose acetate membrane lter (0.22 mm pore size, 50 mm diameter), followed by air drying and peeling from the lter. For comparison, the equivalent pristine GO paper was fabricated by ltering a GO dispersion similar to the above described approach without the addition of dopamine. The surface functionalization of GC paper was performed in accordance with the literature procedure. 52 Polystyrene granules (1.0 g, Aldrich), hydrophobic fumed silica nanoparticles (0.8 g, Evonik Degussa Co.), and chloroform (30 mL, Aldrich) were mixed and magnetically stirred for 0.5 h in a closed bottle. Superhydrophobic GC paper was produced by a dip-coating method at a speed of ca. 0.5 cm s À1 .
Characterization
Environmental scanning electron microscopy (ESEM, FEI Quanta 250 FEG) was used to characterize the microscale structure of the sample at an acceleration voltage of 10 kV. Ultraviolet-visible (UV-vis) spectra were obtained using a Cintra 10e spectrophotometer (GBC Scientic Equipment Pty Ltd, Australia). The aqueous suspension of GO and GC was used as the UV-vis sample, and 10 mM Tris-Cl solution (pH ¼ 8.5) was used as the reference. X-Ray diffraction (XRD) analyses were carried out on an X-ray diffractometer (D/MAX-1200, Rigaku Denki Co. Ltd, Japan). Fourier transform infrared (FT-IR) spectra of the samples were recorded on an Avatar 360 spectrophotometer (Thermo Nicolet, USA). X-Ray photoelectron spectroscopy (XPS) data were obtained with an ESCALab220i-XL electron spectrometer from VG Scientic using 300 W Al Ka radiation. The mechanical property test was conducted with a universal testing machine (AGS-X, Shimadzu Co. Ltd, Japan). The samples were mounted using lm tension clamps with a clamp compliance of about 0.2 mm N À1 . All tensile tests were performed in controlled force mode with a preload of 0.01 N and the force was loaded with a force ramp rate of 0.05 mm min
À1
. Water contact angles were measured on an OCA20 instrument (Dataphysics, Germany) contact angle system at room temperature. The average water contact angle was obtained by measuring more than ve different positions of the same sample.
Results and discussion
A photograph of the GC paper fabricated by vacuum ltration of the as-reduced dispersion through a cellulose acetate membrane is shown in Fig. 2a . The GC paper is uniform and possesses a black color. Furthermore, even aer bending, the paper exhibits high and macroscopic exibility, which is very important for the practical application of GC. The entire crosssection of the GC paper is characterized by ESEM. The highresolution ESEM image clearly shows that the GC paper has well-dened layered architecture with strictly planar orientation, which resembles the brick-and-mortar structure of nacre. The total thickness of GC paper is about 25 mm. The size and thickness of the paper can be easily adjusted by the size of the membrane lter and the volume/concentration of GC dispersion, respectively. XRD pattern shown in Fig. 3 presents a typical pattern for GO and GC specimen. 53, 54 The layer-to-layer distance (d-spacing) is This journal is ª The Royal Society of Chemistry 2013 Nanoscale, 2013, 5, 5758-5764 | 5761 about 0.86 nm. However, aer reduction with dopamine, the sharp diffraction peak in GO has become weak. A new broad diffraction peak at 23.6 (d-spacing ¼ 0.37 nm) can be observed for the resultant GC paper, indicating GO is indeed reduced by dopamine to some extent. [37] [38] [39] Fig. 4 illustrates the UV-vis absorption spectra of GO and GC in the Tris-Cl solution. For GO, a characteristic absorbance peak at about 230 nm and a shoulder peak at around 290-300 nm can be observed (Fig. 4a) , which can be indexed as the p / p* of C]C and n / p* transition of the carbonyl groups. 36 The UV-vis absorption spectra shown in Fig. 4b demonstrate a successful reduction of GO to graphene by dopamine. Furthermore, a new peak at 280 nm was detected, which is a typical absorption of catechols in polydopamine. 40 A similar behavior can be observed in the simultaneous reduction and surface functionalization of graphene oxide utilizing mussel-inspired poly(norepinephrine)-containing catechols.
55 Insets of Fig. 4 present the digital images of the GO and GC suspensions. Aer the addition of dopamine, the color of the GO suspension changed from light brown to black, implying the reduction of GO to graphene.
56,57
Furthermore, the obtained GC samples demonstrated excellent aqueous stability. No sediment was observed even aer the GC dispersion was stored for more than three months. The high aqueous stability of GC can be attributed to the surface decoration of polydopamine.
The simultaneous reduction of GO to GC and functionalization of GC by dopamine were further demonstrated by FT-IR and XPS spectra, exhibited in Fig. 5 and 6 , respectively. The FT-IR spectrum of GO clearly shows the following characteristic peaks (Fig. 5a): the C]O stretching vibration peak of carboxyl groups at 1729 cm À1 ; the aromatic C]C stretching vibration peak at 1621 cm À1 ; the O-H deformation vibration peak at 1395 cm À1 ; the C-OH stretching peak at 1220 cm À1 ; and the C-O stretching peak at 1049 cm À1 . [39] [40] [41] The disappearance of the typical C]O peak at 1729 cm À1 compared to original GO strongly demonstrated the reduction of GO to graphene by the reaction between carboxylic acid groups and amine groups (Fig. 5b) . The new peak at 1508 cm À1 can be assigned to the C-N shearing vibration of the amide group in polydopamine, indicating the presence of polydopamine in GC paper.
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The samples of GO and GC were also characterized by XPS. The C1s spectrum of GO can be divided into four components with binding energies at about 284.7, 286.8, 287.9 and 289.0 eV, corresponding to carbon atoms in C-C, C-O, C]O and O-C]O species, respectively (Fig. 6a) . However, the C-O peak intensity at 286.8 eV of GC is obviously weaker than that of GO, (Fig. 6b) , implying the reduction of GO by dopamine. Furthermore, for the GC sample, the appearance of a new C-N peak at the binding energy at about 285.8 eV strongly demonstrated the presence of the polydopamine coating in the multifunctional GC paper. 37, 38, 41 The above ESEM, XRD, UV-vis, FT-IR, and XPS observations proved that GO is indeed reduced by dopamine and polydopamine is present in the GC paper.
Research indicated that the nacre-like brick-and-mortar structure provides an avenue for the construction of advanced materials with special mechanical properties. Brinson et al. presented GO lms with lamellar structures that can be used as load-bearing structural materials in air. 58 However, for some applications, graphene may need to work under water and retain its impressive mechanical properties. To demonstrate the macroscale application of exible and superhydrophobic GC paper in a water environment, two weights were loaded on the GC paper (25 mm in thickness). An overall mass of more than 200 g was calculated for GC paper shown in Fig. 7a , showing considerable mechanical properties under water. The mechanical properties of the GC paper were also measured using the universal testing machine. The stress-strain curve of the GC paper was plotted in Fig. S1 , † exhibiting an initial straightening region followed by an "linear region" (this region contains an elastic region and a plastic region but it is almost linear, therefore we here refer to it as the linear region). 59 The obtained GC paper has a Young's modulus of 13.9 GPa. The value of the ultimate tensile strength of the GC paper can reach 43.1 MPa, which is enough to support two 100 gram weights in water.
Wettability is a very important characteristic of solid surfaces, which is generally governed by both surface geometric structures and surface chemical compositions. For the original GC paper, the water static contact angle is less than 30 ( Fig. 8a) , exhibiting intrinsic hydrophilicity due to the presence of polydopamine on the GC surfaces. 16 Aer modication with low surface-free-energy silica nanoparticles, GC paper demonstrates superhydrophobicity with a water static contact angle larger than 153 (Fig. 8b) . The generation of superhydrophobicity can be attributed the cooperation of surface hierarchical structures and low surface energy silica. 52 In addition to the water repellency, the modied GC paper also exhibited repellency towards corrosive liquids, such as acidic, basic, and some aqueous salt solutions. The static contact angle is almost unchanged over a wide range of pH values from 1 to 14, demonstrating good stability. Fig. 7b shows the representative digital image of acidic (le, pH ¼ 1), salt (middle, pH ¼ 7), and basic (right, pH ¼ 14) droplets on the GC paper surface. All these aqueous solution droplets with spherical shape were located uniformly on the modied GC paper, exhibiting stable superhydrophobicity even towards many corrosive solutions. Furthermore, the water droplet cannot stick to the GC paper surface and the sliding angle is lower than 5 , allowing water droplets to roll off quite easily. This can be directly conrmed by the evolving contact process of a water droplet on GC paper (Fig. 9) , where a water droplet slides on the surface quite quickly in a very short time (about 200 ms), demonstrating low adhesive superhydrophobic properties. Functional surfaces simultaneously possessing a high static water contact angle and a low sliding angle have an important application in the eld of self-cleaning. To investigate the self-cleaning ability, the superhydrophobic GC paper was contaminated with glass powder (Fig. 7c) . These dirt particles can be readily removed from the GC surface by rolling a water droplet (Fig. 7d) , exhibiting the lotus leaf-like selfcleaning effect.
Conclusions
In conclusion, bio-inspired multifunctional GC paper has been fabricated in situ through the fusion of the seemingly distinct concepts of nacre (brick-and-mortar structure), mussel adhesive protein (adhesive property and reducing character), and the lotus leaf (self-cleaning effect). Under water, GC paper (25 mm in thickness) with nacre-like layered brick-and-mortar multiscale structures can support more than 200 g of mass, demonstrating considerable mechanical properties. In addition, GC paper exhibited superior repellency towards water, even including corrosive liquids (such as acidic, basic, and some aqueous salt solutions) and the lotus leaf-like self-cleaning effect. Superhydrophobic GC paper with well-dened layered structures and the self-cleaning effect should extend the practical applications of graphene in a wide range of different elds. We anticipate this facile method can be widely adopted for the fabrication of other bio-inspired graphene-based composites with multifunctional integration.
